In the spirit of the renewed interest in mixed stack charge-transfer (CT) crystals, made up by alternating π electron-donor and acceptor molecules, we focus attention on a forgotten donor, 1,1,4,4-tetrathiabutadiene (TTB), synthesized more than 35 years ago. We present a spectroscopic and computational characterization of the neutral TTB, and fully characterize the CT crystal with TCNQ. TTB-TCNQ is a mixed stack crystal, with limited degree of CT (about 0.1), despite TTB electron donating strength is only a little smaller than that of the famous TTF. This finding is explained by the small value of the Madelung energy, that we evaluate by a well tested computational approach.
Introduction
Interest in mixed stack organic charge transfer (CT) crystal has been recently renovated by their potential application as ambipolar semiconductors [1] or as ferroelectrics [2] . In this context, there has been a flourishing of papers aimed at characterizing different combinations of electron donor (D) and acceptor (A) molecules [3] [4] [5] [6] [7] [8] , in order to acquire knowledge on the structure-properties relations, and eventually gain control on the packing design, the band gap, and the degree of charge transfer (ρ) of these systems. Besides synthesizing new D and A molecules, there has been a rediscover of old systems, e.g., DBTTF-TCNQ [9, 10] , investigated through modern methods. Following the latter approach, we found an interesting electron donor, 1,1,4,4-tetrathiabutadiene (TTB, Scheme 1), for which just the synthesis and a preliminary characterization of some of its CT crystals is present in the literature [11] .
Here we report a detailed spectroscopic, structural and computational characterization of TTB and of the corresponding co-crystal TTB-TCNQ, extending the knowledge basis of mixed stack CT crystals, and showing that this forgotten molecule and its variants have the potential of affording new systems with perspective applications.
Scheme 1: TTB

Experimental Methods
Sample preparation
The donor TTB was synthesized following the procedure sketched in Ref. [11] , that is by coupling of ethanedithiol and dimethoxydihydrofuran in the presence of BF 3 and subsequent oxidation of the resulting compound. Complete synthetic procedure and characterization is reported in the Supporting Information. Crystals of TTB-TCNQ several mm long were obtained by the slow diffusion at room temperature of two saturated acetonitrile solutions of the components. Millimeter size crystals could be extracted after five days.
X-ray diffraction measurements
A single crystal of TTB-TCNQ was mounted on a Bruker SMART 1000 CCD diffractometer equipped with graphite monochromated Mo Kα radiation (λ = 0.71073 Å) fine-focus sealed tube. The intensity data were collected using ω scan at 295(2) K. Cell refinements and data reductions were performed using the Bruker SAINT software [12] . The structures were solved by direct methods using the program SIR97 [13] and refined with full-matrix least-squares based on F 2 using the program SHELXL2014/7 [14] . All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed geometrically and refined using a riding model approximation, with C−H = 0.93-0.97 Å and with U iso (H) = 1.2 U eq (C). The molecular graphics were prepared using Mercury [15] and Jmol [16] programs. 
Spectroscopic measurements
Computational Methods
The vibrational frequencies of TTB and TTB + have been calculated with the GAMESS package [17] , using Density Functional (DFT) with unrestricted B3LYP and the 6-31G(d) basis set. This combination is known to satisfactorily reproduce the molecular vibrations of relatively large organic molecules, provided tight geometry optimization and fine grids are used in the DFT analysis [18] . To calculate the CT integral of TTB-TCNQ we have followed the dimer approach [19, 20] , using the Gaussian09 package [21] to compute singlet and triplet ground states for a DA dimer. The basis set was again 6-31G(d), whereas we chose the unrestricted ωB97XD functional, which is more suitable for modeling intermolecular CT. The average charge residing on TTB and TCNQ molecules has been estimated on the basis of the computed Hirshfeld atomic charges [21] . The electrostatic interaction V within a DA pair and the Madelung energy M have been calculated by adopting the point-charge approximation of the molecular charge density based on ESP atomic charges . The crystal electrostatic sums have been obtained for finite clusters of increasing size using the MESCAL code [22] .
Results and Discussion
TTB
The minimum energy conformation of neutral and ionic TTB in gas phase has C i symmetry, with a planar central skeleton and out-of-plane staggered arrangement of the terminal CH 2 −CH 2 groups. As chemical intuition suggest, the HOMO is concentrated on the double bonds and sulfur atoms ( Figure 1) .
The former will then be weakened upon electron removal, as it happens with electron Donors based on the tetrathiafulvalene (TTF) skeleton. which allow the estimation of the degree of charge transfer [23, 24] in the CT complexes in which TTB may be involved. It is seen that the antisymmetric C=C stretching, whose eigenvectors are pictorially represented in Fig. 1 , and occurring at 1524 cm -1 , is the one exhibiting the largest ionization frequency shift, about 160 cm -1 . Of course, also the corresponding Raman active C=C symmetric stretching (Table S1 ) has a large ionization shift, but this mode mixes with the symmetric stretching of the central C-C bond, and in any case the totally symmetric modes, being coupled with the CT electron, cannot be used to estimate the ionicity of mixed stack CT crystals [25] . We finally notice that the a u C-S stretching mode located at 834 cm -1 is expected to exhibit a considerable (about 70 cm -1 ) upward frequency shift upon ionization ( Fig. 2 and Table S1 ).
TTB-TCNQ
TTB-TCNQ crystallizes in the triclinic system, space group P-1, with one DA pair per unit cell. The basic crystallographic parameters are reported in Table 1 . Full information is given in the deposited CIF files (CCDC: 1576020). The present structure is different from the monoclinic one reported in Ref. [11] , probably a case of polymorphism due to a different crystallization procedure. TCNQ bond distances have been often used to estimate the degree of charge transfer ρ. If we follow the calibration of Ref. [5] , we find a practically zero value. A generally more trusted procedure for estimating ρ is based on the frequency shift of some vibrational modes that are sensitive to the molecular charge [23, 24] . For mixed stack CT crystal, one has to rely on the IR spectra, as the Raman active a g vibrations are affected by the interaction with the CT electron [25] . frequency, occurring at 2218 cm -1 , indicates ρ = 0.2, but the CN stretching frequency is known to
give unreliable, generally overestimated, ρ values [26] . On the other hand, the TCNQ b 1u ν 20 C=C antisymmetric stretching is very close to the analogous vibration of TTB a u ν 36 : In neutral TCNQ and TTB they occur at 1545 [27] and at 1524 cm -1 (Table S1 ), respectively. In this spectral region TTB-TCNQ exhibits an absorption with a complex structure, with several peaks. If we attribute the main peak, at 1540 cm -1 , to the TCNQ vibration, we find ρ = 0.1, but the frequency of the TTB mode is not safely identified. Finally, the C-S antisymmetric stretch of TTB is located at 850 cm -1 , slightly upward in respect to the neutral molecule, as expected, but its precise calibration and actual ionization frequency shift are presently not known. The Raman spectra, shown in Fig. 5 , confirms that TTB-TCNQ is well on the neutral side, as the observed frequencies are very close to the ones of the neutral molecules -the effect of the interaction of the totally symmetric modes with the CT transition is small when ρ is close to 0 or 1 [25] . To summarize, from vibrational spectra we estimate the degree of CT of TTB-TCBQ around 0.1, with a rather large uncertainty (± 0.06). The absorption spectrum in the leftmost panel of Fig. 4 , with polarization along the stack axis, locates the CT transition of TTB-TCNQ. We explicitly remark that we had problems in recording this part of the spectrum, since the samples are relatively thick, of prismatic shape, and quite often geminated. We attempted to obtain reflectance spectra, but the reflectivity is low and distorted by multiple internal reflections. The absorption spectrum of Fig. 4 clearly saturates in this spectral region, and the absorbance cannot be compared with that of the other two panels in the Figure. Neverthless, the spectrum allows to estimate the frequency of the CT transition at about 7000 cm -1 , or 0.87 eV. From the frequency of the CT transition, the above guess of ρ, and the model calculation of Ref. [28] , we can estimate the value of the DA hopping or CT integral, t, as 0.16 eV.
Some of us have recently developed a method to estimate relevant model parameters of mixed stack CT crystals via density-functional theory calculations [20] . Briefly, one calculates the singlet and triplet lowest energy states for an isolated DA pair by keeping the geometry fixed at the one found from the X-ray analysis of the crystal. From these results one can evaluate t and z, half the energy required to form an ionic pair. Furthermore, from the calculation of the charge distribution of both D and A in the neutral and fully ionized state, one calculates V, the DA intermolecular Coulomb potential, and M, the Madelung energy. In the present case, we find t = 0.21 eV, in satisfactory agreement with the above experimental estimate, and z = 0.48 eV. Moreover, V = -1.92 eV and M = -0.97 eV. If we compare these values with those obtained for the 11 mixed stack CT crystals considered in Ref. [20] , we see that t is on the lower side of the spanned values, and z reflects the TTB ionization potential. The Madeleng energy, on the other hand, is among the smallest in the series, a fact that explains why TTB-TCNQ charge transfer in the crystal is well on the neutral side.
Conclusions
In summary, we have characterized an old, little studied electron donor and its mixed stack CT crystal with TCNQ. Whereas its ionization potential is not dramatically higher than that of TTF, the degree of CT in TTB-TCNQ is low. We think that this fact is due to the molecular arrangement of the molecules within the crystal, which is a compromise between the overlap between the frontier orbitals of the two molecules and the steric hindrance. TTB and TCNQ long axes are almost perpendicular one another, and this makes the 3D packing and density rather unfavorable, hence a Madelung energy lower than in other CT crystals. At the same time the CT integral is rather small, but the gap, as estimated by the optical gap (rightmost panel of Fig. 4) , is below 1 eV: According to the experiments by Tsutsumi et al.
[29], TTB-TCNQ may exhibit good photocarrier generation and transport. In any case, it is worthwhile to investigate the CT complexes of TTB with other electron acceptors which might provide a better overlap and 3D packing.
I. Synthesis of TTB
Ethane-1,2-dithiol ( 8 mL, 93.5 mmol) and 2,5-dimethoxy-2,5-dihydrofuran (5.2 mL, 41.6 mmol) in 60 mL of dry CH 2 Cl 2 were stirred at 0 C in a 2-neck round bottom flask under Ar. 10 mL of BF 3 ·Et 2 O was injected very slowly by using a syringe with uniform stirring and the mixture was allowed to warm to 20 C over a period of 3 h. The 
II. Vibrational spectra
